Robust and easy-to-handle solid-contact ion-selective electrodes (SC-ISEs) based on graphite paste have been developed for the potentiometric detec- The ISEs possess short response times (<20 s).
Introduction
Nitrate contamination is one of the most ubiquitous drinking water pollutants worldwide and is causing serious environmental problems. Intensive agricultural activities cause an increase of nitrate concentration in surface and groundwater.
Nitrates are widely used in explosives, fertilizers and many industrial products.
Agriculture and sewage effluents as well as other environmental samples contain high concentrations of nitrate. Nitrate is easily washed out from soil leading to high contaminations in drinking water samples. Groundwater and well water in technical and financial efforts to maintain the legally required limiting values.
Nitrate is degraded to toxic nitrite, which can cause methemoglobinemia, and to cancerogenic N-nitrosamines, presenting a great danger for human health. Beside nitrate, ammonium concentration is increasing in the environment as a result of discharge from wastewater treatment plants, industrial effluents and agriculture runoffs. Ammonium, besides nitrate, is another important component of nitrogenous fertilizers. It is toxic to aquatic life due to its reduction to nitrate by oxygen and certain bacteria. High ammonium contents promote algae growth. Therefore, due to their widespread applications and common occurrence, nitrate and ammonium constitute important environmental parameters to access water quality in many environmental samples. Or in other words, nitrate and ammonium concentration levels are important pollution control parameters. Contamination by nitrate and ammonium in ground-and surface water has been steadily increasing during the last years. Contamination of both ions is still high in many regions of Germany due to intensive agricultural activities
The presence of both ions in natural water can be associated in most cases to pollution caused by livestock, intense agriculture and domestic sewage. They indicate the eutrophication degree. High concentration of both pollutants encumbers ecological balance of natural waters and quality of drinking water.
Measurement of nitrate and ammonium content is, therefore, of great importance to get information of the ecosystem balance. Monitoring and surveillance of these ions in the field in agricultural areas is often required. A continuous and preventative analysis is, therefore, of great importance in view of limiting values and immediate reaction on incidents, too.
The current WHO drinking water guideline permits 50 mg of nitrate per liter. The European Community (EU) requires a limiting value of 50 mg/L (ppm) of nitrate, too.
In some regions of Germany this value is often exceeded. According to the German Drinking Water Act, the limiting value for ammonium is 0.5 mg/L [4] .
Graphite paste electrodes consisting of a mixture of graphite powder and organic binder found widespread applications in electrochemical analysis. Graphite is a nontoxic and environmentally friendly electrode material, and is used in voltammetry as well as in potentiometry [5] [6] .
Solid-contact ion-selective electrodes (SC-ISEs) offer several advantages over conventional electrodes with internal electrolytes, like small size, simple design and low cost. As solid contact material and as intermediate layer between the ion-selective membrane and the graphite, polypyrrole has been used. It offers a definite transfer of ion to electrical charge. SC-ISEs without any internal electrolytes present promising low-cost analytical tools due to their advantages, such as miniaturization, portability, fast response, simplicity in operation and low production cost, for widespread application fields. No internal electrolyte solution needs to be incorporated. They offer, therefore, excellent opportunities for remote monitoring and rapid mobile field-analysis, and thus, have found widespread practical applicability. Solid-contact ion-selective electrodes are suitable as simple on-site disposable analyzers, combine ease of use with simple, inexpensive accessible manufacturing techniques, and need simple instrumentation only. As solid contacts, conducting polymers are commonly used [7] Moreover, a quaternary ammonium salt is trapped in a PVC membrane. Most of them are in macroscopic form. Therefore, they are both difficult to handle and to miniaturize for field applications. Ion-complexing compounds are described in literature, but they have to be synthesized in complicated manner. These compounds did not found application in commercially available until today.
Synthesis of new ion-complexing compounds for both ions is difficult to realize and requires long preparation procedures [11] [12] [13] [14] .
The aim of this work was the development of inexpensive, simple, robust and fit-for-the-field solid-contact all-solid-state (ASS) ISEs based on graphite paste for potentiometric detection of nitrate and ammonium in environmental samples.
Experimental

Reagents and Solutions
All chemicals used were of analytical or selectophore grade and used as received without further purification. Standard solutions were prepared from NH 4 NO 3 .
All solutions were prepared using deionized water. Working solutions were obtained by dilution of stock solutions. The following components for membrane preparation are purchased from Sigma-Aldrich. As ion-selective components have been used nonactine and TDMA-NO 3 . As plasticizers, bis(1-butylpentyl)adipate
Electrode Construction and Preparation
Graphite paste is produced by mixing graphite powder with epoxy resin and hardener. The paste was filled into a plastic holder. A copper wire as electrical connection was put into the paste.
A mediator layer of polypyrrole was applied on the graphite paste, and then the ion-selective membrane was dropped on the conducting polymer. Both polymeric layers adhere well on the graphite resp. conducting layer. Deposition of The ion-selective membrane composition has been optimized by varying the weight composition of the single membrane components. In Table 1 
Results and Discussion
Potentiometric Investigations
The ion-selective electrodes were conditioned in 10 −2 mol/L of standard solution for 5 hours before the first measurement. Performance and characteristic values of the electrodes were determined. Characteristic electrochemical electrode parameters are given in Table 2 . 
Applications
Different tap water and well water samples from Germany have been analyzed by direct potentiometry using the novel ion-selective ASS electrodes. No sample preparation has been carried out. In Figure 6 , the potentiometric response is shown in standard solutions and real samples.
The determined nitrate concentrations have been compared with results achieved by ion chromatography as reference method. Table 3 gives obtained results by both methods from different German tap and well water samples.
Good agreement between both methods has been achieved. The nitrate concentrations in the determined tap water samples are below the limiting value of 50 mg/L for drinking water, whereas the well water samples show higher nitrate concentration, and therefore, cannot be used as drinking water sources.
In 
Conclusion
Unique liquid-free graphite paste ion-selective ASS electrodes for the detection of ammonium and nitrate ions were developed. The ion-selective electrodes consist of different layers. Polypyrrole has been used as solid contact and intermediate layer between the ion-selective membrane and the solid electron conductor. The solid contact of conducting polymer reduces the irreproducibility and instability of the measured potentials. The ion-selective electrodes show good response behavior and are characterized by easy handling, low cost, long lifetime, as well as by a simple and stable construction form with reproducible functional layers.
